INTRODUCTION
Numerous studies have shown that multiple sclerosis (MS) entails global changes to the normal-appearing brain tissue (NABT), as assessed with diffusion-weighted imaging (1, 2), nonconventional magnetic resonance (MR) techniques such as T1 and T2 relaxation time mapping (3) (4) (5) , and diffusion tensor imaging (6) . Although lacking the contrast and the multisequential capabilities of MR, computed tomography (CT) offers a calibrated measurement of radiodensity, the Hounsfield unit (HU), a tissue metric unique to this modality. We wished to investigate whether the global changes of MS that have been seen with MRI could be detected by digital analysis of the brain CT radiodensity histogram. Such a calibrated metric could offer a quantitative assessment of global brain tissue changes in MS. We hypothesized that MS brain tissue would have abnormal radiodensity as reflected in the brain radiodensity histogram.
METHODS

Study Design
As prospective studies involving CT imaging would involve radiation exposure, this pilot study was limited to a retrospective analysis of head CTs performed on patients with MS that were identified from the PACS (picture archiving and communication system) imaging archive. The study was approved by this institution's review board, and waiver of consent was granted.
Cases were identified by a search of the imaging database by cross-referencing the ICD-10 code for MS (G35), and head CT imaging from the individual CT scan platform. To increase the cohort size and verify that findings were independent of scanner cohort and scanner platform, cases were reviewed from 2 different CT scanners over a 5-year period (6/1/2011 to 6/1/2016). Clinical indications for CT of patients with MS were 'trauma' without traumatic findings or general worsening of symptoms (weakness, visual or mental status changes). Cases with acute or chronic findings other than white matter changes of MS (skull fracture, intracranial hemorrhage, stroke, etc.) were not included. Cases with current use of steroids (2 cases) were also excluded. As described below, cases where the plaque burden could not be unequivocally established were not included.
Age-and gender-matched control subjects were clinical cases from the same scan platform over the same time period.
Control cases were scanned for nonspecific symptoms (headache, syncope, vertigo), were without known systemic disease, and were discharged without incident. All control cases were interpreted as "normal" (without acute or chronic abnormal findings) by 2 board-certified neuroradiologists. In total, 54 patients with a clinically confirmed diagnosis of MS met inclusion criteria, and 54 patients with normal head CT scans were the subjects of this study.
A thorough clinical record review was conducted to learn the details of diagnosis, disease duration, medical treatments, and clinical status of patients with MS at the time of the CT scan (scanner 1, Table 1; scanner 2, online supplemental Table S1 ). All cases were clinically established MS or MS variant. Expanded Disability Status Scale (EDSS) was based on the clinical neurology notes at the time of the CT scan. Clinical review also showed the total numbers of gadolinium-enhanced MRI studies the patient had undergone.
Plaque burden was graded on the basis of brain MRI studies. MRI studies were performed either within 1 year of the CT scan or before and after the CT scan such that the plaque burden could be unequivocally deduced. If the plaque burden could not be reliably deduced, the study was not included. Semiquantitative plaque burden scaling was similar to that previously described (7); however, the 5 classes were simplified to 3-mild, moderate, and severe-as determined by a board-certified neuroradiologist (kac) (Figure 1 ). Mild plaque burden included a few nonspecific white matter changes to lesions, clearly suggesting MS. Moderate plaque burden included cases with typical MS plaques, but no large areas of confluence and without obvious callosal atrophy. Severe plaque burden included confluent white matter changes and diffuse callosal volume loss.
Imaging Methods
To minimize the possible contribution of variations in scanners and scanner calibration, studies from the 2 scanners were analyzed separately. Further, 39 MS cases that met inclusion criteria were from scanner 1 and 15 from scanner 2. Scanner 1 primarily serves the emergency department of a level I trauma center, and scanner 2 serves the emergency department of a level II trauma center. Both scanners are Toshiba Aquilon64 with helical acquisition and head CT protocol with 135 kVp and modulated MA, minimum 50 and maximum 290 mA, rotation time 0.75 seconds. Daily QA/QC studies for the scanner of interest conducted from June 2011 to June 2015 were retrospectively reviewed. HU of water and of a density phantom were recorded daily. Drift or trending was rarely observed. In a typical month (August 2011) an annual inspection by a medical physicist using the ACR phantom, and service engineers routinely test the calibration at preventive maintenance. Although the 2 different scanners are identical in terms of hardware and image acquisition protocol, pooling of the data would make the assumption that the calibrations and offsets are identical, which may not be the case. Therefore the data were processed separately.
Image Processing and Analysis
Images were thresholded, brain-extracted and segmented in FSL (FMRIB software library, Centre for Functional MRI of the Brain, Oxford, UK; www.fmrib.ox.ac.uk/fsl) (8-10) as described (11) . The upper threshold value was set at 50 HU based on the prebrain-extracted histogram, and served to eliminate the skull. FSL BET standard brain extraction was used with fractional intensity threshold of 0.01 (10) . FSL FAST was used to generate the image intensity inhomogeneity-corrected data set, which was used for all calculations. All cases were carefully reviewed for integrity of brain extraction.
Histograms and histogram analysis were performed in Matlab (release 2009b, the MathWorks, Inc., Natick, MA). Population histograms were generated as follows.
Histograms were normalized by voxel count. For the MS population histogram (Figure 2 ), all MS cases from scanner 1 (Table 1) are included (39 cases: female, 30; male, 9; average age, 50.7 years, SD ϭ 16.1 years, range ϭ 26 -78 years). Further, 39 control subjects from the same time period and the same scanner were selected for age and gender (female, 30; male, 9; average age, 50.7 years, SD ϭ 16.1 years, range ϭ 26 -79 years).
For histograms reflecting plaque burden (Figure 1 ), 16 cases of "mild" (female, 14; male, 2; average age, 50.5 years, SD ϭ 11.5 years, range ϭ 29 -77 years), 16 cases of "moderate" burden were selected (female, 11; male, 5; average age, 51.7 years, SD ϭ 15.6 years, range ϭ 33-82 years). The 7 cases of severe plaque burden made up the "severe" histogram (female, 5; male, 2; average age, 56.1 years, SD ϭ 6.5, range ϭ 51-67 years).
The histogram of a normal brain CT follows the general appearance of the normal distribution. Matlab functions skewness and kurtosis were used to assess how far from this distribution each imaging data set lies. In Matlab, the skewness of a distribution is defined as s ϭ E(x Ϫ ) 3 / 3 , where is the mean of x, is the standard deviation of x, and E(t) represents the expected value of the quantity "t." Kurtosis is defined as
, where is the mean of x, is the standard deviation of x, and E(t) represents the expected value of the quantity "t." The kurtosis of the normal distribution is "3." Other histogram features, including histogram mean, mode, fullwidth-at-half-maximum (FWHM), and standard deviation, were recorded. To investigate regional differences in radiodensity, head CTs were brain-extracted as previously described. As coregistration of CT images to a reference image results in disruption of the voxel-wise integrity of the radiodensity, the MNI152 structural atlas was coregistered to each brain-extracted CT image, and each of the 9 masks was used to mask the head CT. A 10th mask was created as the difference between the total brain volume and the 9 brain regions (Figure 7 , upper panel), and it represented the white matter. Each coregistration was visually inspected.
Statistical Analysis
Curve fitting and statistical analysis were performed using GraphPad Prism version 7.0c for Mac OS X (GraphPad Software, La Jolla California, www.graphpad.com). Box and whiskers plots show minimum, maximum, median, and quartile distribution of the data. Statistical significance was determined using the Kruskal-Wallis H nonparametric analysis of multiple groups, with significance at P Ͻ .05. Receiver operating characteristic (ROC) curves were generated in SPSS (IBM Corp released 2013. IBM Statistics for Mac Version 22.0, Armonk, NY).
RESULTS
A population histogram of all MS cases from scanner 1 (39 cases) and 39 age-and gender-matched control subjects shows that the MS histogram has an overall shift of the peak mode to the right (Figure 2 ). The histogram is slightly broader, and there is skewed appearance with a left-ward "tail" relative to the control histogram.
Patient demographics are shown in Table 1 . EDSS: Expanded Disability Status Scale (12) . Disease course: RRMS: relapsing remitting MS, PPMS: primary progressive MS, SPMS: secondary progressive MS, P-NOS: progressive MS not otherwise specified. The remainder of the cases were MS, not otherwise specified (NOS). Disease duration is estimated from symptom onset.
Patient clinical status was investigated through a thorough retrospective review of clinical data. The EDSS was estimated from a review of the clinical notes. The EDSS was significantly lower for the "mild" plaque burden group than for the "moderate" group (P ϭ .0273), but other group differences did not prove significant (P Ͼ .05). Comorbidities in our study group (obesity, diabetes, coronary artery disease, degenerative arthritis) likely lower the accuracy of the EDSS, thus emphasizing mobility in evaluation of MS disability. Qualitative classification of plaque burden based on MRI studies showed that increasing plaque burden correlated with increasing patient age, increasing disease duration, and increasing EDSS score (Table 1) .
Data from two different scan platforms served to increase the cohort size and to aid investigation of the reproducibility between platforms. To further investigate the differences in total brain radiodensity, and to address age as a possible covariable, a scatter plot of brain radiodensity versus age included patients with MS and control subjects from each scanner (Figure 3) . The plot shows overall higher brain radiodensity in MS ( Figure 3 and Table 2 ). Metrics of the scatter plots are summarized in Table 3 .
For scanner 1, there is a small but statistically significant decline in radiodensity of the brain in control subjects (Pearson r ϭ Ϫ0.502, P ϭ .001). The age-related decrease is less evident in the MS cases, which show greater scatter (Pearson r ϭ Ϫ0.133, P ϭ .418). For scanner 2, the correlations were not significant (Pearson r ϭ Ϫ0.064, P ϭ .822 for the control group, and r ϭ Ϫ0.131, P ϭ .642 for the MS group). The control subject age grouping was selected to match the MS patient age grouping for each scanner. The difference in the age dependence between the scanners can be attributed to a difference between the age clustering, as scanner 1 included a small cohort of older (Ͼ70 years) patients, whereas scanner 2 did Figure 3 . Head CT population histograms. Control subjects and patients with MS with mild, moderate, and severe plaque burden. Although the histogram modes are very similar, heavier plaque burden is characterized by a leftward (negative) skewness (arrow) as lesions are of decreased radiodensity. This results in a decreased mean radiodensity (see also Figure 5 ).
not include an older cohort. If this cohort is not included (6 subjects) neither scanner identified a significant correlation between age and radiodensity in this data set (scanner 1: Pearson r ϭ Ϫ0.224, P ϭ .210). Contrast-enhanced MRI has become a universal standard in the evaluation of MS such that the majority of patients with MS have had multiple gadolinium-enhanced brain MRI. Recently it has been shown that trace gadolinium is retained in the brain (13, 14) . Although the quantity of retained gadolinium is small and retained gadolinium considered to be localized to discrete brain nuclei, we investigated whether retained gadolinium could impact the measured radiodensity of the brain. Previous studies report accumulation of gadolinium in the basal ganglia and dentate nucleus, which increases with numbers of gadolinium exposures. We found no correlation between total brain radiodensity and the numbers of prior gadolinium-enhanced brain MRIs in our data set (see online supplemental Figure S1 ). We also found that patients with small numbers of gadolinium studies (Յ2) maintained a higher brain radiodensity than control subjects. The pool of patients with MS with low numbers of gadolinium-enhanced scans (Յ2 gadolinium exposures, 25 cases) was compared with 25 random cases from the control population; the mean difference in brain radiodensity measured at 2.8 HU, and the difference remained significant (P Ͻ .0001).
Histogram analysis of the control subjects and the total group of MS patients and the three patient cohorts based on Kruskal-Wallis H test was used with signficance at P Ͻ .05. Asterisks reflect degree of significance: ns, P Ͼ 0.05; *P Յ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001; ****P Ͻ 0.0001. Figure 4 . Distribution of mean total brain tissue radiodensity as a function of age (scanner 1, left) and (scanner 2, right). The average difference in radiodensity between patients with MS and control subjects was 3.06 HU (11.2%, P Ͻ .0001) from scanner 1 and 2.71 HU (10.1%, P Ͻ .0001) for scanner 2. Scanner 2 showed a similar profile (right). Difference between mean radiodensities for all cases (scanner 1, n ϭ 78; scanner 2, n ϭ 30) was not significant, P ϭ .33.
plaque burden seen on MRI was performed (Figure 4 ). Box and whiskers plot of the histogram metrics for Figure 4 are shown in Figure 5 , and accompanying statistics in Table 3 . Kruskal-Wallis H test was used with a significance at P Ͻ .05. Table 3 shows the statistical significance of the differences in the histogram metrics. Statistically significant differences were found between the control group histogram and the MS group histograms. Further analysis according to plaque burden shows a second trend, with decreasing mean density and decreasing kurtosis from mild to severe plaque burden, with increasing histogram standard deviation with increasing plaque burden.
The ROC curve analysis for mean and mode of the histogram density, histogram skewness, histogram kurtosis, and histogram standard deviation between the total group of patients with MS from scanner 1 (N ϭ 39) and control subjects is shown in Figure 6 . The sensitivity, specificity, and area under the ROC curve (AUC) are detailed in Table 4 . The AUC analysis in differentiating between MS patients and the control group was good (Ͼ0.80) for mean density (0.853), density histogram mode (0.909), and histogram skewness (0.88); fair/poor (0.70 -0.80) for STD (0.755); and poor (Ͻ0.70) for kurtosis (0.556) (15) . Both sensitivity and specificity was the highest for the histogram mode, with diagnostic accuracy being slightly higher than for histogram skewness or mean radiodensity.
When the MS population was limited to patients with only mild lesion load (N ϭ 16), the OC curves were similar (see online supplemental Figure S2 ). For mild plaque burden, the AUC analysis was good for mean density, mode, and skewness (Ͼ0.80) and poor for kurtosis and standard deviation (Ͻ0.70). Sensitivity and specificity were the highest for the mean and modal histogram density (AUC ϭ 0.875).
To learn if the radiodensity changes associated with MS could be localized to a particular brain region, CT images were Table 3 .
segmented using the reference image MNI152 structural probability map (Figure 7) and the statistics are shown in Table 5 . The overall pattern of tissue density across the lobar segmentations is similar, with the largest differences between control subjects and mild MS, with density of MS brain becoming less with increasing plaque burden. Segments of the MNI 152 map are gray matter or favor cortical gray matter, where the 10th segment is white matter alone, and both gray and white matter follow the same patterns of density correlation with disease and plaque severity. Within segments when comparing the total MS population to control subjects, higher levels of significance are seen in the temporal lobe (P ϭ .0001), occipital lobe (P ϭ .0004), and putamen (P ϭ .0002), and no significant difference in the parietal lobe (P ϭ .9910), although differences are apparent between the subgoups of MS severity in all the brain segments.
DISCUSSION
One argument against the use of CT imaging is the exposure to ionizing radiation, as there are documented risks of cancer in association with radiation exposure. The use of CT is always a risk-benefit analysis. We know the risks are very small, which is why CT remains first-line for emergency imaging. But in diseases such as MS, we do not yet know the benefit of the information that quantitative CT can yield. Retrospective research on previously acquired imaging studies would appear a logical place to initiate this investigation.
Studies discussing CT imaging findings in MS have focused on the appearance of MS plaques, and these largely predate the wide use of MR imaging (16) (17) (18) . To the best of our knowledge, this is the first study to investigate the brain tissue changes of MS by quantitative, digital analysis of CT images. Our study makes several observations: global brain changes of MS can be detected by digital analysis of CT images, seen most clearly as Figure 6 . Receiver operating characteristic (ROC) curves for the total MS population from scanner 1. The curve sensitivities and specificities are reported in Table 4 . For the total pool of patients with MS from scanner 1 versus the control population, AUC ϭ 0.909 for the histogram mode, regarded as a "good" discriminant (Ͼ0.80).
changes in the overall brain radiodensity. Significant differences between histograms of MS patients and control subjects are reflected in differences in histogram mean, mode, skewness, kurtosis, and standard deviation. Differences between control subjects and patients with MS are significant even in the MS cases with little visible plaque burden, as seen on routine diagnostic MRI scans. The CT histogram of MS brain measures changes in NABT as evidenced by 2 observations. First, a shift of the group histogram mode (Figures 1 and 3) indicates a change to a large volume of brain tissue, larger than the plaque volume in most cases. Second, the various histogram metrics correlate only indirectly with plaque burden. The difference in histogram mean density between patients with MS and control subjects is greater when the plaque burden is less, and the difference decreases with increasing plaque burden. These observations suggest 2 opposing phenomena in terms of radiodensity, one causing higher radiodensity and which does not correlate with plaque burden, and a second causing decreased radiodensity, with correlation to plaque burden. This is consistent with a number of previous studies that characterize global changes in the clinically isolated syndromes, to be followed by the characteristic white matter lesions as the disease progresses.
Gross segmentation of the brain CT images shows that the pattern of radiodensity change is seen throughout the brain, as is the correlation with disease severity, and it does not appear to localize to gray or white matter. As with the total brain findings, the differences are greater in cases of lesser plaque burden, and lesser as the plaque burden increases. This would appear to correlate with the idea that plaques are of lower density, and plaque accumulation lowers total brain density. More advanced methods of image segmentation may serve to test this hypothesis.
As with MR studies showing signal changes in brain tissue, the actual cause of the change is a topic for speculation, particularly as these are small quantitative global changes. Most studies in MS pathology agree that there is both an inflammatory component and a demyelinating component of the disease, which may occur independently of each other, with the inflammatory process representing a more global phenomenon (19) . Our study might suggest that this process correlates with increased radiodensity. Demyelination and plaque formation may correlate with volume loss and the decrease in radiodensity is known to accompany gliosis and plaque formation (18, 20) .
The relative novelty of our investigation raises concerns regarding the possible contribution of a covariable to our observations. To this end, the control population has been carefully age-and gender-matched to the MS population to eliminate age and gender as possible confounding variables. To eliminate the possible contribution of differences between scan platforms, data from the two different scan platforms are processed separately. As it might be argued that steroid use could cause an increase in brain radiodensity, the small number of patients using steroids at the time of the CT scan were not included. It might be argued that gadolinium accumulation raises the brain radiodensity; we did not find gadolinium use to contribute significantly to increased total brain radiodensity in our study population. A number of MRI studies have shown changes in the NABT in MS. Our study draws correlation with total brain radiodensity and the MS disease process using the modality of CT.
A growing body of literature suggests iron deposition as a hallmark of the inflammatory process. MS lesions are associated with iron accumulation (21-23) localized to microglia and macrophages (21, 24) , which varies with the age of the lesion (21, 24, 25) , and iron has been proposed as a biomarker of inflammation in MS (24) . Interestingly, iron levels are higher in acute and subacute lesions, but return to the levels of NAWM in chronic lesions (21, 24, 25) , supporting the idea that inflammation of MS diminishes in the chronic phases of the disease. Iron and other components of inflammation may be causal to the increased radiodensity seen in less progressed disease, with normalization of radiodensity as inflammation decreases.
Where CT images are of relatively low contrast, tools for digital image analysis are becoming widely available, and CT imaging is highly amenable to quantitative digital image Asterisks reflect degree of significance: ns, P Ͼ 0.05; *P Յ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001; ****P Ͻ 0.0001.
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analysis. Using similar methods described here, we recently investigated the changes which occur in normal early postnatal brain development [26] . We chose MS as a target disease, as it is known that MS involves global changes to brain tissue. The data evidence that the global changes of MS can be detected with quantitative CT image analysis and support the hypothesis that digital analysis of CT images can yield information not evident at routine clinical imaging. Although the lesions of MS are readily apparent on MRI, MS remains a clinical diagnosis and patients with MS may have no obvious brain or spine lesions (27) , and lesions of MS can be nonspecific, raising a broad differential diagnosis (27, 28) . In addition, patients may not have access to MRI or have a contraindication for MRI. Finally, digital CT methods are highly quantitative, amenable to automation, and with the ability to measure a tissue parameter (tissue density) with increasing accuracy. As such, the role of quantitative CT data in the analysis of brain pathology is a topic for future investigation.
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